Slow positron beam are used to study defect structures in Co doped and undoped ZnO films prepared by Pulsed Laser Deposition (PLD) at 400°C, 600°C, 700°C on c-plane sapphire. Comparing with ZnO samples, Co doped ZnO samples have larger positron effective diffusion length (L eff ), which change in different tendencies depending on the growth temperature. Crystal structures of the samples are investigated by X-ray diffraction (XRD) and wurtzite ZnO could be observed in Co doped samples.
Introduction
As II-VI oxide dilute magnetic semiconductors (DMS), Co-doped ZnO has called people's much attention. Since Ueda et al. observed that Co-doped ZnO thin films grown by pulsed laser deposition (PLD) have ferromagnetic behavior with T c above RT [1] , several other groups also reported the high T c of Co-doped ZnO. However, the value of saturation magnetization usually varies between 0.56μB/Co [2] to 2.6μB/Co [3] for different preparation techniques and conditions. So, issues about magnetic ions' distribution in the basic substance and their effects on the structure as well as the macro magnetic characters remain deserve further studies. In this work, slow positron beam are used to study Co doped ZnO thin film samples prepared by pulsed laser deposition (PLD). With the benefits of positron annihilation and variable beam energy, it is a sensitive probe to detect open-volume defects in various materials such as metals, semiconductors, polymers and nanomaterials [4] [5] .
Experimental details
Co doped ZnO films were fabricated on sapphire (0001) surface using PLD with a KrF laser having a thickness of 1μm at 400°C, 600°C, 700°C respectively. All targets are prepared from ZnO and Co 2 O 3 powders and have a nominal Co content of 10 at. % . Three undoped ZnO films were also grown at the same condition, except the components of the targets.
Slow positron beam in University of Science and Technology of China (USTC) are used in this work. Its positron energy could vary from 0.25keV to 17keV. Defect sensitive linear parameter S is defined as the ratio of the integral of ray counts in central energy region to the total counts of the spectrum, while the W parameter is the ratio of the wing area to the total area.
Conventional X-ray diffraction (XRD) with Cu K α radiation (λ=1.5406Å) (MAC MXPAHF) were used to characterize the crystal structure and the surface morphology of samples. 
Results and discussion
S-E curves are showed in Fig.1 . For all samples, most S parameters for low incident positron energy related to surface area have a large value between 0.47-0.49, and then as incident energy increasing, S parameters decrease fast to nearly stable values related to the inside part of the films. It could also be found that, prepared at the same temperature, doped films has smaller S parameter That indicates the uniform type of the annihilation centers in all samples. In Zn-rich pure ZnO films, calculation results of Oba et.al [6] have showed that the formation energy of Zn vacancy is about 4-6eV lower than that of V O , Zn i and Zn O . Thus in Co doped ZnO films, Zn vacancies still perform as the mainly defect type and positron trapping centers. Therefore, in the surface regions, since there are boundaries with negative charges and V zn [7] , high S parameter could be attributed to high concentration of those boundaries. To explain the difference between doped and undoped samples, ionization potentials could be considered. The ionization potential of cobalt (7.88eV) is lower than zinc (9.39eV), which would make it easier for cobalt to combine with oxygen and then reduce the concentration of V Zn . To confirm that explanation, XRD patterns for doped films are measured (Fig.3) . All doped films have a c-axis-preferred orientation and single wurtzite ZnO phase. Therefore, it is demonstrated that Co 2+ ions fill Zn vacancies in Zn sublattices and then reduce the concentration of vacancy type defects. Results of S parameter and effective diffusion length (L eff ) fitted by VEPFIT [8] are presented in Table 1 . As growth temperature rising, doped films have decreasing L eff and increasing S, which are different from undoped samples. In undoped ZnO films, heavy metal atoms could gain large diffusion momentum at high growth temperature, and the concentration of zinc vacancies will be reduced. That is the very reason for us to find the larger L eff and lower S parameter in undoped samples prepared at higher growth temperature. However, for Co doped films, L eff is as long as Materials Science Forum Vol. 60743~53nm, closing to the value of defect free ZnO crystals (64nm) [9] . According to the definition of L eff [8] , in those doped samples, the concentration of V zn is relatively low. In this situation, both L eff (nm) S parameter （nm） has a slight growth. That might because the concentration of Co will increase more slowly when it is already relatively large for high growth temperature, while the number of vacancies is keeping decreasing due to the rising diffusion momentum.
Conclusion
The defect structure for Co-doped ZnO films fabricated with PLD at different temperature has been investigated by slow positron beam. We find that the defects performing as positron trapping centers in Co doped ZnO films are mainly Zn vacancies exhibiting in boundaries and the position of Zn sublattice. Cobalt dopant has reduced the concentration of vacancy type defects as well as lattice constant in ZnO films. And different from ZnO films, Co doped ZnO films with fine micro structure could be prepared at a growth temperature as low as 400°C. With the ability to separate information of defects in surface from inner layer as well as to provide more details about defect structures at atom level, positron beam is proved to be a powerful and sensitive tool for defects structure studies of DMS materials.
